Migration from separated common-offset sections has been used either as a convenient tool for migration velocity analysis or a desired approach to provide offset-dependent reflectivity information for prestack seismic interpretation, such as AVO analysis. It also has been an efficient approach to reduce the computation cost because of the specific properties of common-offset sections, especially for the common-offset common-azimuth volume of 3D data. A scheme of common-offset migration (called the v(z) f-k method) using the nonstationary filtering theory is presented in this abstract. This scheme is designed for the migration of both conventional PP data and mode-converted PS data. In addition to the advantages of migration from separated offset sections of PP data, migration from separated offset-sections of PS data has many other specific advantages. One of them is its capability of reducing the effects from inaccurate Vp/Vs ratios in terms of mode-conversion point locations. The velocity analysis opportunity may also leave a chance to correct the migration errors due to inaccurate S-wave velocity, which is rarely known with satisfactory accuracy.
Introduction
As a method of prestack migration velocity analysis, migration from separated common-offset sections has been discussed since the 1970's (Gardner et al., 1974 , Sattlegger et al., 1980 , Deregowski, 1990 , Kim and Krebs, 1993 , and Ferber, 1994 . However, recent developments in migration theory and related amplitude issues demand the necessity of obtaining unstacked migrated offset sections as different images of the subsurface rather than just one final stacked image. Compared to diffraction-summation methods, Fourier-domain methods, such as the phase-shift method, are preferred because of their capability of amplitude preservation and efficiency. Popovici (1994) and Alkhalifah (1997) have discussed the numerical and practical feasibility of common-offset migration using the phase-shift method. Migration from 3D common-offset common-azimuth data volume, as an extension of 2D common-offset migration, can be computationally very efficient if the lateral velocity variation can be ignored (Etgen, 1998, Dai and Marcoux, 1999) . As for the applications of common-offset section migration to AVO analysis, Ekren and Ursin (1999) showed some examples from their migration algorithm and with additional careful amplitude considerations.
This abstract presents the v(z) f-k scheme of common-offset migration as a nonstationary filtering (Margrave, 1998) process. Compared with migration directly from the full prestack data volume, it is simply a different way of computing the nonstationary migration filters. The v(z) f-k algorithm is an analogue of Stolt's f-k migration with convenient accommodation of vertical velocity variation. The formulations and discussions in this paper are all based on the assumption that the migration velocities only change in depth.
From full prestack migration to common-offset section migration
Wavefield extrapolation, from depth 0 to any depth z, can be explicitly expressed in the Fourier domain using the DSR equation in the CDP-offset domain, where the wavefield at depth 0 is often represented with the seismic recordings at the earth's surface.
If the wavefield is denoted with ( )
in frequency-wavenumber domain, the prestack imaging process can be expressed as
with k x and k h representing the CDP and offset wavenumbers, and ω the temporal frequency. The operator
is called a nonstationary migration filter, with v S and v R representing velocities of downgoing and upcoming waves.
When the input data contains only one section with a constant offset value h 0 , a convenient way to use the wavefield concept is to assume that all other offset sections are present but with zero amplitudes, i.e.,
Thus, equation (1) can be written as
by introducing an offset-specific migration filter as
There are different algorithms for the computation of these migration filters. A slow and numerically accurate method is the direct descritization of equation (5). This method takes significant computation time because sufficient sampling in k h -direction is required to avoid serious offset direction wrap-around and aliasing (Popovici, 1994) . The stationary-phase method is also used to compute the migration filters. Popovici (1994) computes the k h -integral in equation (5) with stationary-phase asymptotic approximation, in which the computation time is mostly used to compute the stationary-phase location by locating the zero value in the first-order k h -derivative of the phase function. The accuracy of the stationary-phase approximations is generally good, but may become unsatisfactory when the offset is relatively large compared to the image depth. Another way to use the stationaryphase technique is to use the phase value at the stationary-phase location as the phase to extrapolate the wavefield. This method of direct shifting stationary phase has been used by Alkhalifah (1997) and Dai and Marcoux (1999) and it is reported, for one non-zero offset section, fast enough to compare with post-stack phase-shift algorithm. These three methods have been investigated in terms of accuracy and efficiency, however, the results shown in this abstract were obtained from the accurate (but slow) algorithm directly implemented from equations (4) and (5).
As a function of k x , the offset-specific migration filter (5) has different properties for PP and PS cases. The same downgoing and upcoming velocity field for PP (or SS) case ensures the migration filter being the same for a pair of k x values with the same abstract value. For the PS (or SP) case, however, this symmetry disappears, and the same algorithm for PS data migration takes about twice the time for PP data migration.
Migration results from Blackfoot vertical-component data
The Blackfoot vertical-component data was first binned into common-offset sections with centre-offset values ranging from 0 to 2700 m with an increment of 300 m. The migration velocity was converted from the available stacking velocity. Figure 1 shows a groups of common-image gathers (A common-image gather collects all migrated traces at one CDP location) at CDPs 120, 140, 160, and 180. The events on the gathers are flat, and this implies that the migration velocity is quite accurate. The target of this dataset is a sand-channel located between CDPs 130 and 170. The four gathers range from west outside of the sand-channel to the east outside of the channel. Some major events, such as the ones indicated by the black-coloured arrows, do not have significant changes at these CDP locations cross the sand-channel. However, as indicated by the grey-coloured arrow, the event (corresponding to the Mississippian) is very well focused at CDP 120 (outside west of the sand-channel), and becomes blurred at CDPs 140 and 160 (inside the sand-channel), but reappears focused at CDP 180, which is located outside east of the sand-channel.
Figure 2 compares CMP gather (a) and the migrated common-image gather (b) at CDP 140, with the same offset-bin width of 300 m. Amplitude characteristics are different for events on these two gathers. As separate images for the same subsurface, migrated common-offset sections provide more information (such as offset dependent reflectivity) than the only one stacked image directly obtained from the whole prestack data volume. Figure 3 shows two partially-stacked images, where (a) is the image stacked from the migrated common-offset sections with absolute-offsets from 0 to 1350 m, and (b) is the image stacked from the migrated common-offset sections with absolute-offsets from 750 to 1950 m. These two images are different in their amplitude and frequency characteristics, and may indicate some AVO anomalies.
In addition, the comparison between the stacked image from all migrated common-offset sections and the image migrated directly from the full prestack volume showed no significant quality differences.
Migration results from Blackfoot radial-component data
The migration of the Blackfoot radial-component data used the P-wave velocity converted from the best stacking velocity for the vertical-component data, and the S-wave velocity computed from shear wave well-log information. The radial-component data were binned with offset-bin-centres at -2700 to 2700 m with 300 m bin-width. The offset-binning partial-NMO velocities were directly picked from the CMP gather before common conversion point (CCP) binning. The resultant data volume contains a total of 19 common-offset sections. The migration took more than twice of the computation time used to migrate the verticalcomponent data because the migration filters for converted waves data require more computations (in addition to the almost twice number of offset sections). (Li and Margrave, 1999) Figure 4(a) shows two consecutive common-image gathers at CDP 161 and 162. Many events in the gathers are not flat and this implies that the migration velocities used were not accurate. Inverse NMO followed by velocity analysis and NMO has been a broadly used approach to obtain a better image from migrated offset sections. Figure 4 (b) shows two common-image gathers also at CDP 161 and 162 after inverse NMO and re-NMO with a new velocity field. Stacking gathers in Figure 4 (b) will result in a better image than stacking the gathers in Figure 4 (a).
In Figure 4 , in the time window between 1400 and 1600 ms, the event characteristics of negative-offset traces are significantly different from positive-offset traces. Furthermore, some events correspond to different velocities at negative-offset compared to positive-offset. These suggest that it is always necessary to migrate the negative-offset and positive-offset (opposite azimuth in 3D) data separately. (Herrmann et al., 1999) In fact, to migrate different offset sections of converted-wave data separately has the further advantage of insensitivity to the migration velocity errors and the ray-path asymmetry due to the mode-conversion. This can be seen in terms of asymptotic common-conversion point (ACCP) theory. In ACCP binning process (which is commonly used for converted wave data processing), the traces with the same offset are laterally shifted with the same distance. This horizontal shifting does not have any effect on migration process on constant-offset sections if the lateral velocity variation can be ignored.
Conclusions
The v(z) f-k algorithm for migrating separated common-offset sections of PP and PS data is presented. The results from the applications to Blackfoot vertical and radial-component data show that, not only does this method provide high quality images, it also provides opportunities for detailed data analysis and interpretation. As for converted-wave data, migrating offset sections separately not only reduces the effects from inaccurate migration velocities, but also leaves a chance to correct the errors caused by velocity inaccuracy. This is very useful because the S-wave velocities are rarely known with desired accuracy. 
